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SUMMARY 
This paper presents data on the tensile strength, fatigue strength, 
creep properties, and thermal expansion of forged aluminum alloys XBlas 1 
las, 24s, and 32S, which are pertinent to the application of these alloys 
in the temperature range from 70° to Booo F. Included are data taken 
from published sources, unpublished material made available through the 
courtesy of the Aluminum ·Company of America and the National Bureau of 
Standards, and original data, obtained at Battelle Memorial Institute, 
which extend this previous information. The work also contains a critical 
discussion of the dat.a and their application to design of aircraft engines. 
INTRODUCTION 
Recent advances in the development of aircraft engines have resulted 
in the use of higher operating temperatures at some locations in the 
engine. It has been estimated that temperatures from 7000 to Booo F are 
reached in localized spots in pistons and cylinder heads in reCiprocating 
engines. Jet power plants also require high operating temperatures. 
In order that developments in materials might keep pace with develop-
ments in mechanical design of power plants, the National Advisory 
Committee for Aeronautics i6 supporting work with the following objectives: 
(1) To obtain reliable data on the pertinent high-temperature 
properties of aluminum alloys currently available 
(2) To develop heat treatments and fabrication procedures to develop 
the maximum high-temperature properties of currently available alloys 
(3) To foster the development of new and improved aluminum alloys for 
high-temperature service 
The present lnvestigation, conducted at Battelle Memorial Institute 
under the sponsorship and with the financial assistance of the National 
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Advisory Committee for Aeronautics, was intended to develop information 
pertinent to the first two of these objectives. 
It was recognized that the problem is complex and that, regardless 
of the care used in planning a program, it wa s ~uite likely that in the 
course of conducting the investigation it might become desira ble to obtain 
other information than that included specifically in the plans. With this 
in mind, the program summari zed as follows was planned: 
(1) Work was to be confined to an exploration of the fatigue and 
creep properties of the forged (or rolled) alloys XBl86, las, 243, and 323, 
concentrating particularly on the temperature range from 4000 to BoOo F. 
While it was recogni zed that this series is not a complete cross section 
of ava ilable alloys, and in particular provides no information on casting:>, 
it was hoped that ba se-line info:nna.tion could be obtained whieh would be 
useful in cutting down the amount of experimental work necessary to make 
c0mparisons between these and other alloys. 
(2) It was decided that the creep tests should be conducted by 
conventional means. It was thought urmecessary to carry the creep tes t A 
beyond 500 hours. The fatigue tests were to be direct-stress f a tigue tests 
in which the l oad wa s to be varied from a minimum stress, almost zero, to 
a maximum stress in tension. The type of data obtained from such a test 
differs from conventional data in that most data obtained previously have 
been made 0n reversed -bending tests of one kind or another. It wa s thou~t 
that the direct-stress tests might provide more information on the effect 
of creep than tests in which the mean stress is zero, as it is in the 
reversed-bending type. 
DESCRIPl'ION OF MATERIALS AND PREVIOUS DATA 
Material 
The aluminum alloys studied in this investigation were furnished by 
the Aluminum Company of America, in the form of l-inch-round, hot-rolled 
rods. (A small amount of 7/8 -inch-round rod of forged XBlas alloy was also 
furnished in order that the properties of the forged and the rolled rod 
could be compared.) Table 1 contains descriptive material about the allqys: 
t heir composition, the heat treatment recommended by the Aluminum Company 
of America for ea ch alloy to produce the T-temper, and the room-temperature 
mechanical properties to be expected if the alloy is heat-treated according 
to the specification. 
Thermal Treatment 
The aluminum rods (1 in. in diameter), from which the tension test, 
fatigue test, and creep test specimens were made, were cut into bars 7 inches 
l ong. These bars were clamped into a l5-bar heat-treating fixture with the 
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surface of each bar not lesa than 1 inch from the surface of any other 
bar in the fixture. This spacing ensured adequate room for the circu-
lation of the hot furnace air and the quenching medium. Two of these 
fixture-bar assemblies could be heat-treated at the same time in a 
Lindberg Air-Draw Furnace; the heat-treating time and temperature and the 
quenching medium were as specified by the Aluminum Company of America. 
Each of the fixture-bar assemblies was quenched separately by pl ungi ng it 
i n t o ~e quenching medium and vigorously agitating it; the second fix t ure-
bar assembly wa s allowed t o come back t o the quenching t emperature if the 
temperature had dropped when the furnace door was opened t o quench the 
fi r s t as sembly • 
Art ificial aging, when i t was specified, wa s conduc t ed in the same 
furnace, and the bars were left undis t urbed in the fixtures for this 
operRti on. 
A dummy speCimen, drilled to allow the insert ion of a thermocouple, 
was attached t o a pipe and placed (down through the exhaust opening in the 
top of the furna ce) among 'the specimens that were being heat -treated. 
Although t he furnace-control thermocouple - located in the hot, inComing, 
air stream - wa s found t.o vary approximately t15° F from the nominal 
tempera t ure, the thermocouple in the dummy specimen varied less than '±2° F. 
A O.505-inch tenSion tes t specimen was made from one bar taken from 
ea ch group of bars that had been hea t-treated together. The result s 
obtained by testing this specimen Were compared with tension tes t da t a that 
had been furnished by the Aluminum Coopany of America; this was a precaution 
int ended to prevent the waste of time and effort t hat would occur if 
improper ly hea t-trea ted bars were machined and tes t ed. A comparison of tie 
nominal and act ual r oom-t emperature tensile properties of several of t he 
alloys studied during this i nves tiga tion i s given in table 2. Tensi on test 
resul ts obta ined by the Aluminum Company of America and by Ba t telle 
Memorial Institute a re included in this tabulat ion. It will be noted fran 
table 2 tha t the forged test pieces of XBltE-T have somewha t lower 
strength than the rolled material. The possible Significance of this difThr-
ence 1s discussed later. 
Table 3 summarizes information from the Aluminum Company of 
America files on the high-temperature tensile properties of XB1CE-T, les~, 
and 32S-T tested after holding for a prolonged period at the testing 
temperatures (reference 1). Included also are data for 24S-T from a survey 
by Wyman (reference 2). 
Considerable reference is made throughout the present report to the 
elevated-temperature tensile properties of these alloys that have been held 
for varying lengths of t ime at the testing temperature before s t arting the 
test. These data were furnished by the Aluminum Company of Amer ica and 
were obtained by testing forged alloys (references 3 and 4 and unpublished 
data). Table 4 contains a brief deSCript ion of these particular materials. 
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The curves in figures 1 to 4 show the effect of the time at the testing 
temperature before beginning the tension tests on the tensile and yield 
properties of forged XBl8s -T, 32S -T, 248 -T, and las -T. In order that 
some sort of comparison of fatigue and tension properties of these 
alloys can be made, time in these figures is expressed in two ways: 
(1) the time as reported in the Aluminum Company of America tests and 
(2) the time in terms of the average number of cycles that the Krouse 
machine would run if a fatigue test were in progress. The Krouse 
machines are operated for 10 hours each day and run 900,000 cycles during 
the period. The specimens, however, are maintained at temperature for 
24 hours each day, so the Krouse machine is considered to have averaged 
900,000 cycles for 24 hours at temperature. Thus, a fatigue specimen 
that has run 9 million cycles would have been at t6.mperature for 10 days, 
and would be considered comparable with a tension specimen which had been 
held for 10 days at temperature before testing. The plotted points in 
figures 1 to 4 represent the results of the direct-stress fatigue tests. 
These data and their relation to the tensile data are discussed later in 
the section on fatigue test results. 
Figures 5 to 7 show, respectively, the reversed-stress fatigue 
strength of alloys XBltE -T, las-T, and 32S-T at elevated temperatures 
from Aluminum. Company of America tests (reference 1). Figure 8 shows the 
reversed-stress fatigue strength of 24s-T after "prolonged" heating at 
the testing temperature (reference 2). 
Table 5 summarizes creep test data on XBll?s-T, ll?s-T, and 32S-T from 
reference 1. The significance of these data will be discussed in relaticn 
to the results obtained at Battelle Memorial Inst1 tute. 
SHORT-TIME TENSION TESTS AT EIEVATED TEMPERATURES 
A few short-time tension tests at elevated temperatures were 
conducted atBattelleMemorial Institute in order to determine if the 
properties of the rolled alloys were greatly different from those of the 
forged alloys. The bars were pulled in accordance with the procedure g1 ven 
in reference 5. The results are tabulated in table 6. Data from 
Aluminum Company of America and Battelle Memorial Institute short-time 
tension tests are plotted in figures 9 and 10 for XBIBs-T and 24s-T. The 
Aluminum Company of America results were obtained by testing material 
described in table 4. 
The forged and hot-rolled alloys do not seem to behave exactly alike 
at elevated temperatures, but, in the case of the 24s-T, the comparison of 
"typical" with actual values is involved. The difference between the 
short-time tension properties of the rolled and the forged alloys does not 
appear to be highly significant. 
The values in table 6 for the yield strength, and especially for the 
modulus of elastiCity, are dependent on the slope of the stress-strain 
- - -~ - -- --- ---
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curve. The "straight-line" portions of the stress-strain curves were not 
perfectly straight, and there was some evidence that plastic flow occurred. 
even at relatively low loads. The effect on the modulus of the rate of 
loading is not quantitatively mown. This method of obtaining the modulus 
is not a very satisfactory one for aluminum alloys at elevated tempera-
tures, and these values should not be regarded as design data. 
The effect of longer t1Jnes at the testing temperature, before testing, 
has not been determined for the hot-rolled alloys, so they cannot be 
compared, in this regard, with the forged alloys. '!he effect of various 
lengths of time at the testing te.mperature on the tensile properties of the 
forged alloys is discussed later in relation to the fatigue test results. 
DIRECT-8TRESS FATIGUE TESTS AT ROOM TEMPERATURE 
AND AT ELEVATED TEMPERATURES 
Testing EqUipment 
Fatigue test eguipment.- The fatigue tests were conducted on Krouse 
Direct Repeated Stress Testing Machines which impose an axial load 
(4000 Ib, maximum) at the rate of 1500 cycles per minute. Figure 11 is a 
photograph of one of the machines that has been modified for testing at 
elevated temperatures. 
The construction end operation of the 4000-pound machine is quite 
similar to that of the 10,000-pound machine, previously described 
(reference 6). Like the larger machine, this machine is so designed that 
two specimens can be tested, independently, at the same time. 
A loading lever (A), actuated by the connecting rod (R), adjustable 
cam (C), and driving pulley (B), applies the variable load. (See fig. 11.) 
The force is transm1 tted to the specimen by a member (M), which is guided 
by a parallelogram system of four steel-plate fulcrums (D), designed to 
produce straight-line motion and axial loading of the specimen. The mean 
value of the load is applied by adjusting the loading nuts (F) on the 
loading screw (E). 
The mean load is applied, with the cam throw at zero, to the specilllm 
and is measured by means of the calibrated dial bar (G) in terms C£ the 
bending induced in the loading lever. Then the cem throw is so adjusted 
that, as the cam is slowly rotated by hand, the desired maximum and minimum 
loads - measured by the dial bar - are applied. 
When the machine is running under a variable load, the short steel 
pin (p) travels in a short arc; for a given cam setting the length of the 
arc is inversely proportional to the load. If the load decreases suffi-
ciently, the length of the arc increases enough to cause the pin to strike 
a microswitch (T) - the height of which can be regulated by mob (K) - whlch 
actuates a relay that stops the maChine. 
I 
I 
I 
I 
J 
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The specimen -adapter assemblies (the ends 0f the adapters can be 
seen projecting from the ends of the furnace in fig. 11) are connected to 
the machines by means of universal joints (U). At first, rigid cormecticm 
were used for this purpose, but they complicated the already difficult 
problem of alinem.ent. It was determined that, if the imposed nominal 
stresses were equal, the lives of specimens which had been assembled with 
universal joints were considerably longer th~ the lives of specimens 
which had been assembled with til!' conventional rigid cormections. It had 
been noticed that same force had to be applied when a specimen was 
assembled into a machine that had the rigid connections, and it was 
thought that an initial bending stress was being imposed on the specimen. 
Strain-gage measurements verified this hypothesis and revealed that the 
ini tial stress was very high at some pOints on the circumference of the 
specimen; both compressive and tensile stresses were present bl~fore any 
of the nominal load had been applied. Strain-gage measurements that were 
made on specimens which had been assembled into a machine provided with 
universal jOints indicated that the bending stresses had been quite 
substantially reduced. It seems probable that the use of universal Joints 
would not be deSirable if ~pecimens were being tested in compression or in 
tension-compression; but, since the stresses used in this investigation 
are all between zero (actually a li ttle above zero) and some higher tension 
stress, the universal joints appear to be a satisfactory answer to the 
alinemen t problem. 
A furnace (V) which is used to maintain the specimens at temperature 
during the elevated-temperature tests is shown in figure 11 attached to 
the fatigue test machine and in position. This tube furnace is 15 inches 
long; the furnace-control thermocouple is located midway between the 
fUrnace ends and its bead is flush with the inside of the refractory tube. 
The temperature of the specimen can be measured by a portable potenti-
om.eter; the lid (W) can be seen in figure 11. The specimen thermocouple, 
located inside of the specimen at the base of the threaded section, comes 
out through an opening in the specimen adapter. Each furnace :1.s controlled 
by a Foxboro Controller which is shunted with a re~istance in crder to 
minimize temperature variations. 
When the temperature of a specimen changes, it will either contract 
or expand, and if a specimen is undergOing a test this expansion or 
contraction will cause the load on the specimen to be decreased or incre~ 
It is quite important that no increase in load occur because an unknown 
portion of the life of the specimen would be spent at an unknown stress, 
higher than the nominal stress. If a predetermined decrease in load OCCU!B, 
the cut-off is actuated and the machine stops automatically. 
Fatigue specimen. - Figure 12 is a drawing of the fatigue test speci-
men used in this investigation. The reduced section of this specimen is 
finished by longitudinal polishing with No. 320 abrasive paper. Several 
specimens were finished by polishing the reduced section with rouge, but, 
since this operation did not result in longer lives for these specimens, 
it waS discontinued. 
J 
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Testing Technique 
Each fatigue test specimen that was tested in the T-condi tion at 
elevated temperatures was held for at least 1 hour at temperature in 
7 
the fatigue test machine before the load was applied. The mean load was 
then applied, and if, in the course of an hour or so, no appreciable 
change in the value of the mean load had occurred, the alternating load 
was applied to the specimen. If the specimen had not failed by the end 
of the day~ the machine was turned off and the specimen unloaded to 
prevent damage to it in the case of a power failure during the night. The 
temperature was maintained both day and night, and the day-to-day tempera-
ture variation was never more than :100 F from the nominal temperature. 
Even small temperature variations during the running of the tests would 
have resulted in considerable changes in load, but for the actual testing 
period the changes in load resulting from temperature changes were probably 
greater for specimens tested at roam temperature than for those tested at 
elevated temperatures - there being fewer ahort-time temperature variations 
in, and more frequent routine load checks made on, specimens that were 
tested at elevated temperatures. 
ConSiderable difficulty was encountered in deciding upon a criterion 
for failure for fatigue tests conducted above 4000 F because two types of 
failure apparently occur. The first type is the normal fatigue fracture 
and can be handled in the conventional manner; the second type 1s a sort 
of shear failure, the nature of which is not too well understood. This 
second type of failure is characterized by the relatively sudden inabili tur 
of the test piece to sustain the applied load. A loading cycle is applied 
to the test piece at the start of the test; then after the test has been 
running for a period of time, the test piece begins to creep rapidly, and 
the indications are that it will eventually fail with a ductile fracture 
more nearly resembling a static failure than a fatigue failure. 
A number of experiments Were performed in an attempt to obtain a 
clear-cut criterion for this "ductile" failure. In one set of experiments 
SR-4-type strain gages were mounted on the load-applying mechanism of the 
testing machine «(M) fig. 11). The idea was that the onset of ductile 
failure could be measured by a definable rate of decrease of load. It was 
fotmd, however, that when ductile failure was about to occur, the rate of 
decrease of load was too rapid to measure by the method indicated. In 
some e.xper1ments it was demonstrated that the major portion of the decrease 
in load would occur when the machine was turned 1 or 2 revolutions by hand. 
From experiments of the type described, it was finally decided that a 
ductile failure had occurred if either of the two follOWing conditions 
existed: 
(1) The cut-off was actuated every 5000 cycles or less. 
(2) After stopping the machine, the test pieces failed to sustain 
the mean load to wi thin 100 psi for at least 10 minutes. 
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The fracture type of fatigue failure was defined by con'entional 
methods. "\>lhile the criterion for failure apparently produces a repro-
ductible end :point, neither the effect of creep alone nor the effect of 
fatigue alone has been measured in this test. 
The direct-stress type of fatigue test is really a combined creep 
and fatigue test, and the behavior of the direct-stress spec1iliBns was 
analogous to that of creep specimens. At first the re.te of creep 'va s 
relatively rapid, and then the specimen had a low rate of creep for a 
relatively long time before the rate of creep increased as the ductile 
failure became imminent. No (!uanti tative measure of creep was made 
during the fatigue testing, but some work along this line has been done 
by other investigators (references 7 and 8). 
Fatigue Test Results And Discussion 
The results of room-temperature and elevated-temperature direct-
stress fatigue tests on XBl8s-T are presented in table 7. These results 
are plotted in figure 13. The results of room-temperature anel elev·ated-
temperature direct-stress fatigue tests on l(£-T, 328...11', and 24S-T are 
presented in table 8. These alloys were tested at stress-tewJerature 
combinations ,.,hich had. resulted in relatively long lifetimes for the 
XBl8s-T alloy. Fatigue test results for all four alloys at these stress-
temperature combinations are plotted in figure 14. There is some scatter 
in the results, which is to be expected with materials of which the 
properties change rapidly in the first day and less rapidly during subse-
(!uent days. 
In t.he llast, the static prollerty most conSistently related to the 
fatigue performance of a material has been the tensile strength. At 
room temperature the tensile strength and endurance lim! t of most of the 
"stable" alloys are usually thought to be relatively unaffected by the 
passage of time alone. Above 3500 F the tensile strengths of these 
aluminum alloys decrease as the testing temperature increases. further-
more, the tensile strength of each alloy is affected by the length of 
time that a sllecimen is held at the testing temperature before beginning 
the test. Some data concerning the effect of time at temperature on 
the tensile and yield strengths of XBl8s-T, 18s-T, 328...11', and 248--'I' are 
available (references 3, 4, and unpublished data of the Aluminum Company 
of America). The curves in figures 1 to 4 were drmm from these data. 
As previously mentioned, time in these figures is expressed in days or 
hours, as reported by Aluminum Company of America, and in the average 
number of cycles that the Krouse machine would run during the holding 
period if a fatigue test were in progress. From these curves 1 it is 
possible to determine the approximate tensile and yield strengths of these 
alloys for a number of lifetime-temperature combinations. The plotted 
points in figures 1 to 4 represent the results of the direct··stress fat igue 
tests and show the relation of those results to the tensile properties a t 
the completion of each test. 
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Table 9 contains a tabulated cOIlI.Parison of the direct-stress fatigue 
data with the tensile data for the four alloys at the elevated tempera-
tures. The ratios in table 9 were obtained by dividing the maximum 
fatigue stress, endured for a certain lifetime, by the tensile or yield 
strength that the alloy would have had. if it had. been held, before testing, 
at temperature for a period equal to that required to produce the fatigue 
failure. It is important to remember that the tensile data were obtained 
by testing forged materials and the fatigue data were obtained by testing 
hot-rolled materials. If the possible variations that are influenced by 
the different methods of reduction -hot-rolling and forging - are assumed 
to be inSignificant, it can be said that in no case was the ratio of max:lJnum 
fatigue stress to tensile strength les6 than 0.60 and that the ratio of 
maximum fatigue stress to yield strength was always greater than 0.70 in 
the lifetime range that was tested. When the relative performance of the 
four hot-rolled alloys is evaluated using the averages of these ratios as 
the criterion, the "best" alloy is 328-T, followed by the XBlBs-T, 24S-T, 
and les-T. 
Table 10 contains results of direct-stress fatigue tests on the four 
alloys and is arranged for easy comparison of the aJ.loys. When the rela-
tive direct-stress fatigue performance of the hot-rolled alloys are evalu-
ated on the basis of lifetimes for given stress-temperature combinations, 
the following tabulation results: 
Stress-temperature Relative direct-stress fatigue 
combination performance, based on lifetimes 
of from 200,000 to 10,000,000 cycles 
(psi) ("F) 1 2 3 4 
30,000 400 32S-T XBl&3-T 24s-T les-T 
15,000 500 XBl83-T 24s-T IBs-T 32S-T 
7,000 600 1&3-T 328-T aXBlBs-T b24s-T 
6,000 700 24S-T 32S-T 1&3-T XBIBs-T 
~orged XBICf3-T. 
b24s-T exhibited both shortest and longest life at 6000 F. 
If the resulta of the two methods of fatigue testing are compared, 
it will be noticed that the fatigue test specimens tested by the direct-
stress method exhibit somewhat longer lifetimes, at given stresses, than 
those tested by the reversed-bending method (figs. 5 to 8). However, since 
the two methods of testing are so different, their results could not be 
considered comparable even if the materials had had identica l mechanical 
end thermal histories. The stress range in the direct-stress mathod W90S 
roughly one-half that in the reversed-bending method. The mean stress in 
the direct-stress method is about one-half the maximum stress, but the 
mean stress in the reversed -bending method i B, nominally, zero; therefore, 
the effect of creep would be expected to be more significant in the direct-
stress method. The speed of testing can also be an important factor, 
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inasmuch as the strength of these precipitation-hardening alloys decreases 
wi th time at temperature. TheBe present tests., however, were conducted at 
speeds of about the same order of magnitude as those at which aircraft 
engines operate. 
The relative performance of the alloys tested in reversed bending is 
tabulated as follows (references 1 and 2) : 
Relative reversed-bending fatigue 
Temperature perform.ance, based on lifetimes of 
(~) from 1 to 5 million cycles 
1 2 3 4 
400 XBla3.JI' la3 .JI' 328 .JI' ~4S.JI' 
500 XBla3.JI' 183 .JI' ~4S.JI' 328.JI' 
Blrested after prolonged heating at testing temperature 
(reference 2). The fact that the 24S.JI' had been stabilized 
at the testing temperature undoubtedly accounts for its 
apparent inferiority in the table. 
The results of the direct-stress fatigue tests show that these alloys 
are quite weak at 6000 , 7000 , and 8000 F. Failure would occur very rapidly 
if parts made from these alloys were highly stressed at these elevated 
temperatures. It seems likely that when these high temperatures occur in 
service they occur in localized spots,and the high stresses are borne by 
surrounding material which is cooler. 
CREEP TESTS AT ELEVATED TEMPERATURES 
Creep Test Equipment 
A group of four creep un! ts is shown in figure 15. The i'urnaces are 
wound with Chromel wire and insulated with Sil-o-Ce1. The temperature 
gradient in each furnace is controlled by external shunts on the furnace 
windings. The temperature variations are kept below the maximwn allowed 
by the reqUirements of reference 5. Each furnace has a small window in 
the front and in the back so that deformation can be measured by optical 
means. The load is applied to the test specimens wi th a lever arm. having 
a ratio of 9:1. 
A calibration specimen and a creep test specimen are shown in figure l6. 
Deformation is measured by the change in distance between cross marks ruled 
on the two platinum strips (shown in position in fig. 16) as they slide 
apart. A filar micrometer eyepiece and microscope is used to make the 
.--~ 
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deformation readings. Calibration has shown that the smallest division 
on t he filar eyepiece 1s equivalent to 0.00002 inch per inch, about 
11 
0.002 percent, on a gage length of about 2 -3 inches. Deformation reading:! 
are usually made daily by two observers. 
Creep Test Results and Discussion 
The creep test data obtained during this investigation are reported 
in table 11. These data, and data obtained from the Alumi num Company of 
America on the properties of forged alloys, are plotted in figure 17. Each 
specimen was held 1 hour at the testing temperature beforp. starting the 
test. The grain size of the hot-rolled XBltlS-T, 32S-T, 24s-T, ltE-T, and 
the forged XBltE-T used in this investi~ation is given in table 12. 
There are only a few places that the data obtained during this investi-
gation overlap those resulting from previous investigations. The data are 
not nearly complete enough to evaluate the subsequent effects of forging 
or of hot-rolling on the creep rates of these alloys. It appears that 
the XBIBs-T tested at Battelle Memorial Institute, both hot-rolled and 
forged, has much higher creep rates than those previously reported. It is 
also apparent that, at 6000 F and between 1000 psi and 2000 pSi , the hot-
rolled IBs-T has a lower creep rate than the wrought alloy tested by the 
Aluminum Company of America. That grain-size differences may explain these 
apparent discrepancies seems to be a possibility. The effect of grain 
size on creep is very Significant, as has been previously reported 
(reference 1, p. 8): 
• 
It should be emphasized that comparisons of resistance to creep 
are apt to lead to false conclusions if the structures of the 
materials being compared are not similar. The following figures sha-r 
the effect of grain size on the creep characteristics of IBs alloy, 
solution treated and aged. 
PER CENT CREEP OF 183 ROD (10 HRS. 960~, BWQ -
12 HRS. 3400]') AT 4000f AND AT END OF 50 HOURS 
IBs I 3[4 in. rod 1:2000 12si 20000 12si 
structure 
Coarse grain 0.056 0.10 
Medium. grain 0.10 0.20 
Fine grain 0032 0.81 
Unfortunately, the grain size is not specified for the material 
reported on in the literature, but it does seem reasonable to believe that 
differences in grain size could be responsible for the apparent discreparues • 
The grain size of these alloys is determined by their composition and 
thermal and mechanical history. 
L 
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"Average" grain size has been found to be misleading as far as 
predicting creep performance is concerned. In copper, it has been 
discovered that fine grains exert a deleterious influence that is 
grea ter than would be indicated by the proportion in which they occur. 
THERMAIr-EXPANSION TESTS 
De~ermi~ations were made of the linear thermal expansion of 11 samp~ 
of +.he rolled al~num alloys used in the present investigation. Each 
sam.p~e was 300 millirr.eters in length and 25 millimeters in diamet.er. A 
precision micrometric method was used for these determinations. (See white 
furnace shown in fig. 1 of re~erence 9.) 
The obserrations obtained on heating and cooling the samples of 
aluminum alloys to various temperatures between room t emperature and 8000 F 
were plot ted a s expansion and contraction curves. The expansion curves 
indicated tha t the linear thermal expansion of the samples increased with 
temperature. Table 13 gives coefficients of expansion and coefficients of 
cont r action determined by the National Bureau of Standards. These coeffi-
cient s were derived from the expansion and contraction curves. The average 
difference between the coefficient of expansion of the samples a ged at 700 0 
and eooo F compared wi i.,h the cor:resRondlng coefficients of the samples a EJ3d 
at lower temperatures is :0.6 X 10-6 per degree cent i grade, ·but the average 
dif ference bet ween the coefficient s of contraction of t he samules aged 
at 7000 and 8000 F compared with t he cor r espondi ng r oef f icient s of t he 
samples aged a t l ovTer t emperatures is only :0.2 X 10 -6 per degree centigrade . 
The coefficients of expansion of alloy 328 are nearly 15 percent less than 
those for alloys ISs, XBlt13 and 248. The dimensional changes of the 
samples at room temperature after heating and cooling during the thermal-
expansion determinations were less for the samples aged a t 7000 and 8000 F 
than for t hose aged at lower temperatures. These data are given in the 
last column of table 13 . 
CONCLUDING REMARI<S 
Results of an investigation of forged aluminum alloys XB1CE, 183, 248, 
and 32S show tha~ although it seemB obvious that the tensile, creep, and 
f a tigue properties of these alloys at elevated tempera tures are inter-
related, there seemB to be no simple correlation between any of the~ 
properties. The reason for this may be that an attempt ha s been made to 
correlate the properties of two general classes of materials, hot-rolled 
and forged, which are not fundamentally comparable owing to the particular, 
and different, histories of the materials from which the different sets of' 
data were obtained. 
The effect of grain size on the creep r a te ha s been discussed, and 
the grain si ze, or microstructure, determined by the camposi t ion and the 
NACA TN No. 1469 13 
previous fabrication and thermal' history of the alloy. Uni'ortunately, 
very little information 1s available concerning the effects of the various 
mechanical and thermal treatments on the structure and mechanical prop-
erties of these alloys at elevated temperatures. Practically, these 
factors are of considerable importance because the aircraft engine manu-
facturers are influenced in their choice of thermal and mechanical treat-
ments by fabrication and tolerance conSiderations, as well as by strength 
requirement'S • 
Battelle Memorial Institute, 
ColumbuB, Ohio, March 31, 1946 
L 
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TABLE 1.- CHEMICAL COMPOSITION, HEAT TREA'.lMENT, AND MECHANICAL PROPERTIES OF 
ALUMJNUM ALLOYS 
[pata furnished by the Aluminum Company of America] 
Chemical composition 
Alloy 
designation 8i Fe Cu Mg Mn Ni Zn Cr Pb Bi 
XB1EE 0.58 0.31 3.&) 1.43 0.01 2.14 0.02 0.01 0.01 0.01 
1tS .58 .45 3.98 .64 .05 2.01 .02 .01 .01 .01 
248 .10 .25 4.41 1.41 .67 .01 .02 .01 .01 .01 
328 12.18 .41 .&) 1.20 .01 .&7 .02 .01 
Alloy Heat treatment to produce T-temper designation 
XB1EE Hold at 961:P F for 1 hour, water quench, temper at 3400 F for 10 hours 
1tS 
Ti 
0.03 
.01 
.01 
.01 
o Do. 
248 Hold at 920 F for 1 hour, water quench, temper at room temperature for 4 days 
Hold at 9flJo F for 1 hour, water quench, temper at 3400 F for 12 hours 328 
Nominal room-temperature mechanical properties in T-temper 
Alloy Yield strength, Tensile Elongation Reduction Brine11 
designation 0.2 --percent strength in 2 in. of area hardness 
offset (pai) (percent) (percent) number 
(pei) 
~las 45,600 61,200 14.5 28.4 117 
lEE 47,000 63,000 17.0 ---- ll5 
248 46,000 68,000 22.0 ---- 120 
328 46,000 56,000 8.0 ---- 125 
-~ --- - - - -- '--- -- ~----
a Actual properties. ~v 
- --- -~ -- - -- -- -- - ---
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TABLE 2. - RESULTS OF T -TEMPER HEAT TREATMEWf ON ALLOyS. 
Original 
Alloy condition 
XBles-T Hot -rolled 
Forged 
Hot-rolled 
Forged 
32S-T Forged 
Hot-rolled 
Hot-rolled 
24s-T Hot-rolled 
Hot-rolled 
1.&3-T Forged 
Hot_rolled 
Hot~rolled 
HEAT TREATMENT AT AI£OA LA130RATORIES 
COMPARED WITH TREATMENT AT BATI'ELLE 
Yield 
strength, 
0.2 percent Tensile Elongation 
offset strength in 2 in. 
Laboratory (psi) (psi) (percent) 
Alcoa 45,600 61,200 14.5 
Alcoa 40,625 59,600 15·0 
Battelle 46,250 6o,?50 15·3 
BattelJ-e 44,700 59,900 16.0 
Alcoa 44,500 52 ,800 6.0 
Alcoa 47,400 61,500 9·5 
Battelle 47,000 55,100 9·0 
Alcoa 40,500 67,850 22·3 
Battelle 41.,000 68,900 25·0 
Alcoa 47,600 61,600 14.5 
Alcoa 54,800 66,500 1.2.3 
Battelle 55,000 65,500 1.6.0 
-- - ----
Reduction 
in 
area 
(percent) 
28.4 
16.1 
29.8 
----
10.0 
15·7 
17.4 
32·7 
35.4 
21.2 
2703 
28·9 
~ 
Brlnell 
hardness 
number 
117 
118 
---
---
126 
126 
---
114 
---
---
130 
---
f--> 
m 
~ 
o 
~ 
I--j 
Z 
Z 
o 
f--> 
~ 
m 
co 
- - -- - -~~--
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TABIE 3 . - HIGH -'l»lPERATlIRE TENSILE PROPERTIES OF 
ALUMI~ ALLOyS 
Test Yield atren~ 
tem:perature O.2-percent Tensil.e 
(Of ) offset strength 
Alloy Condition (1) (psi) (psi) 
XB1CS..lJ' 12 hr, 9000 F3 75 40,625 59,600 
Forged2 10 hr, 3400 F 300 36,000 41,620 
400 19,250 26,390 
500 7,400 12,150 
700 1,850 4,0~ 
IBs..lJ' 10 hr , 9600 F3 75 54,850 66,730 
Rolled and 12 hr, 3400 F 212 53 ,000 61,360 
drawn rod2 300 38 ,500 44,220 
400 18 ,000 23,420 
500 12 ,000 15, 650 
32S..IJ' 
Heated to 9600 F3 Forged slab2 75 44,500 52 ,800 
8 Jtr, 3400 F 300 32,500 36,~0 
400 10 ,700 15 ,0~ 
500 6,100 8,930 
600 3,300 5,600 
700 3,025 3,415 
24s..lJ'4 (5) 75 45 ,000 68 ,000 
30O 35 ,000 42,000 
400 21,000 28,000 
50O 9 ,000 14,000 
600 5 ,000 7,500 
700 3,500 5 ,000 
1Al1 alloys heated for a prolonged period at test1ng t emperature 
befor e t esting. 
2TBsting speed, 0.107 in. per min. Data from reference 1. 
Jsol11ng.water quench. 
4Data from reference 2 . 
5Testing speed and heat t rea tment not reported. 
El.onga- [Brinell 
tlon in 2 In. hardness 
(percent ) nwnber 
15 ·0 118 
10·5 104 
14.0 79 
27·0 50 
118.0 59 
12.8 128 
12.5 136 
13.5 III 
21·5 75 
24.0 65 
6.0 126 
6.5 99 
25.5 54 
39 ·0 49 
44.0 43 
94.0 42 
22 
---
21 
---
25 
---
40 
---
65 ---
100 
---
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TABLE 4. - THERMAL AND MECHANICAL HISTORY OF 
ALUMINUM ALLOyS FROM WHICH !}\TA FOR 
VARIATION OF TENSILE PROPERTIES 
WITH TIME AT TESTING TEMPERA-
TURE WERE OBTAINED 
Fabrication Thermal 
Alloy method treatment 
XB1CS-T Specimens made from. 12 hr, 9f1:P F, 
forged 3/4-in. rounds water quench, 
aged 10 hr 
at 3400 F 
las-T Specimens machined 10 hr, 9600 F, 
from. forgings caustic quench, 
aged 10 hr 
at 3400 F 
32S-T Specimens machined 12 hr, 9600 F, 
from forged slab followed by quench-
ing, aged 8 hr 
at 3400 F 
24s-T ---------------------- T-tem:per 
!see reference 3. 
2See reference 4. 
3Unpublished information from. Aluminum Company 
of America. 
Remarks 
(1) 
11 Data represent 
~eats of ••• 
single lots" and 
"should not be 
, interpreted as 
'typical values,,, 2 
Do.2 
Data " ••• considered 
typical for various 
commercial forms, " 
sheet, plate , bar, 
rod, and wire 3 
~--- ---------------------------~--
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Alloy 
XBl&3 -T 
1&3 .JI' 
32S.JI' 
TABLE 5. - PERCENT CREEP PER 1000 HOURS FOR WROUGHT 
ALUMINUM ALLOYS 
~ ta from reference 1 J 
Test 
temperature Stress (pSi) -
(CP) 1300 1900 2500 5000 7500 10,000 15,000 
400 ---- ---- ---- ---- ---- - .. -- 0.11 
600 .. _ .. - ---- 0.69 ---- ---- ---- ----
400 ---- ---- .03 0.09 0.12 ---- ----
600 0.40 1.17 ---- ---- ---- ---- ----
400 ---- ---- ---- .06 .09 0.15 ----
600 .21 ---- ---- ---- ---- ---- ----
~ 1 
19 
20,000 
----
----
----
----
----
----
---~- --~- --- - - - -- -~--~----' 
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TABIE 6.- SHORT..JI'IME TENSILE PROPERrIES OF ALUMINUM ALLOYS 
XBl83..JI', 24s~, AND 32S~ AT EIEVATED TEMPERII.TURES 
/!ul bars held 1 hr at temperature before pulling. Bars pulled 0.02 in ./mtn to 
o .02-percent offset yield, then 0.10 in ./min t~ :rupture. Bars pulled in 
accordance with procedure given in reference 5.J 
Yiel.d strengths 
(pSi) - El.onga-
tion in 
Test Tensile 0.1- 0.2- 2 in. 
temperature strength percent percent (percent) 
Alloy Specimen ('7) (psi) offset offset (a) 
XB1CS..JI' A6J 400 47,400 40,000 41,500 14.4 
A6K 400 48,300 39,200 40,800 15·9 
A4J 500 30,500 28,500 30,000 24.0 
A4K 500 27,900 22,8)0 24,300 12.0 
A4L 600 14,000 12,000 12,250 41.0 
A4M 600 14,700 11,600 12,200 33 .0 
A8F 700 7,250 5,500 6,000 55·0 
AS:} 700 7,650 6,100 6,300 64.0 
A5L 8)0 2,940 1,340 1,430 ----
A8i 8)0 2,700 1,700 1,800 ----
24s..JI' GllI 400 51,700 44,000 45,000 19·0 
GlJ 400 52,500 32,500 34,500 26.0 
GlK 500 28,700 23,900 24,600 28.0 
GlL 500 '27,400 22,900 23,800 20.0 
GlM 600 17,700 15,140 d15,300 25·0 
G2A 600 18,700 16,000 16,500 29·0 
G2B 700 10,800 9,300 9,500 36.0 
G2C 700 9,550 8,200 8,400 54.0 
3~~ LlP 500 27,200 24,200 25,000 9·0 
LlQ. 500 '27 ,200 24,500 25,8)0 10.0 
1lSpeolmens vere not broken. Elonge.tion ie .greater than stroke of 
maohine under normal condi tiona. 
Reduc- Apparent 
tion of modulus of 
area elaatici ty 
(percent) (psi) 
29·3 1~.65 x 106 
33.4 1~.10 
55·3 9·5 
35·7 9.7 
74.7 9.0 
74·9 8.4 
83.0 5·5 
86.0 3.5 
---- c1.6 
---- 1.45 
46.0 9.8 
46.0 9.8 
75·0 8.4 
&2.0 8.7 
81.0 9.6 
81.0 8.} 
84.0 9·1 
92.0 4.9 
18.0 9.6 
28.0 7.4 
~ars pulled 0.02 In./mln to O.02-percent offset yield, then o~06 in./min to :rupture. 
otreld for 2 hr at temperature. 
<i]:stima ted. 
1 
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TABLE 7.- DIRECT-6TRESS FATIGUE TEST RESULTS FOR XBltS.JI' AT 
ROOM TEMPERATURE AND EIEVATED TEMPERATURES 
Maximum. 
Temperature stress , Life ( '1!' ) (pSi) cycles Specimen Remarks 
400 30,000 1,754,800 A5C Fatigue fracture 
400 30,000 3,299,500 aFlX Fatigue fracture 
400 25,000 6,941,000 A5F Fatigue fracture 
400 20,000 10,496,ibo A5B Unbroken, stress raised 
400 30,000 143,200 A5B Fatigue fracture 
500 20,000 ---------- A5D Failed to hold load 
500 15,000 3,826,000 A5E Ductile failure 
500 15,000 86,000 8.:Fm Ductile failure 
500 15,000 5,931,800 aFlL Ductile failure 
500 10,000 10,477,400 A3R No failure, stress raised 
500 15,000 28,000 A3R Ductile failure 
21 
--- 15,000 10,000,000 aFlL No failure, test discontinued 
600 10,000 215,000 A5G Ductile failure 
600 7,000 4,200,600 aFIG Ductile failure 
600 5,000 6,282,500 , A3M Ductile failure 
600 4,000 5,790,400 A3P Ductile failure 
700 3,000 2,986,400 A3L Ductile failure 
700 3,000 241,000 ~1J Ductile failure 
700 2,000 8,422,500 A3N Ductile failure 
800 2,000 -- ... _------ aFlF Failed to hold load 
Room 45,000 172,300 A3H Fatigue fracture 
Room 45,000 52,800 A2H Fatigue fracture 
Room 43,000 1,596,900 B:FlB Fatigue fracture 
Room 35,000 4,399,000 A1G Fatigue fracture 
Room 33,000 2,517,000 aFlE Fatigue fracture 
Room 30,000 10,563,500 aF1C Unbroken, stress raised 
Room 45,000 151,900 1lF1C Fatigue fracture 
Room 30,000 12,445,500 A5H Unbroken, stress raised 
Room 57,500 34,800 A5H Fatigue fracture 
aForged XBlts.JI'. 
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TABLE 8. - DIRECT -STRESS FATIGUE TE3T RESUL'I'S FOR las -T, 328 -T, AND 
24s-T AT ROOM TEMPERATURE AND ELEVATED TEMPERATURES 
~J Maximum Temperat stress Life 
Alloy (D:F) (psi) cycles Specimen Remarks 
1CS-T Room 35,000 11,737.,700 J1H Unbroken, stress raised 
Room 45,000 3,898,200 Jm Fatigue fracture 
Room 45,000 328,400 J1G Fatigue fracture 
400 30,000 233 ,500 JJJ) Fatigue fracture 
400 30,000 236,700 J1F Fatigue fracture 
500 15,000 793,000 JlA Ductile failure 
600 7,000 7,973,000 JIC Ductile failure 
700 3,000 3,000,000 .IlE Ductile failure 
32S-T Room 35 ,000 2,101,700 I2A Fatigue fracture 
400 30,000 3,447,460 L2C Fatigue fracture 
500 15,000 791,200 L2D Ductile failure 
600 7,000 5,103,500 L2E Ductile failure 
700 3,000 4,155 ,900 L2F Ductile failure 
24s-T Room 35,000 690,100 G3F Fatigue fracture 
400 30,000 476,300 G3C Cracked and necked down 
400 30,000 432,900 G3G Cracked and necked down 
500 15,000 1,760,000 G3H Ductile failure 
600 7,000 1,866,000 G3A Ductile failure 
600 7,000 18,433,300 G3E No fai1ure1 
700 3,000 19,101,100 G3B No failure 
700 4,000 9,470,500 G3D Ductile failure 
Lrest discontinued; failed to hold load at 10,000 psi. 
-------- --
-----....--------"..,....----~~~---~-- -- -- ---
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TABLE 9. - COMPARISON OF FATIGUE AND TENSILE DATA FOR 
HCYl' -ROLIED AL1.MnruM ALLOYS AT ELEVATED TEMPERATURES 
~ee fi gs. 1 to 4 J 
Stress-temperature Ratio - maximum stress in fatigue 
combination cycle to yield strength 
(a) 
(psi) (~) XBlCE ..If ICE ..If 32S-T 248 ..If 
30,000 400 0.83 ---- 1.13 bO.91 
15,000 500 1.00 0·70 ·94 ·91 
7,000 600 ---- ---- 1.46 .eo , 
1.08 
3,000 700 1.15 1.00 1.20 ----
Stress-temperature Ratio - maximum stress in fatigue 
combina tion cycle 'to tensile strength 
(a) 
(psi) (OF ) nntfi-T 1tfi-T 32S-T 24s-T 
30,000 400 0·75 ---- 1.03 0·71 
15,000 500 
·79 0.60 .81 ·71 
7,000 600 ---- ---- 1.00 ·69 , 
.83 
3,000 700 .67 .65 ·77 ----
8.rhe maximum stress in the fatigue cycle used in this table i s 
one that will produce a failure in leee than 10,000,000 cycles. 
The data were obtained by determining the life of the fatigue 
test piece at the stress cycle indicated and then USing the yield 
or tensile strength which would have been obtained by holding the 
test piece at temperature for the same time to compute the ratios 
shown. 
lL ~ 
-TWO tests.  
23 
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TABLE 10.- COMPARISON OF DIRECT-STRESS FATIGUE TEST RESULTS 
FOR HOT-ROLLED XB1EE-T, 32S-T, 24s-T, AND 1a3-T 
AT ELEVATED TEMPERATURES 
Te,erature Stress Cycles for failure 
OF) (psi) 
XB1a3-T 32S-T 24s-T 1EE-T 
400 30,000 1,754,800 3,447,460 476,300 233,500 
a3,299,500 432,900 236,700 
500 15,000 3,826,000 791,200 1,760,000 793,000 
a86,000 
a 10,000,000 
600 7,000 a4,200,600 5,l03,500 1,866,000 7,973,000 
18,433,300 
700 3,000 2,986,400 4,l55,900 b19 ,101,100 3,000,000 
~41,000 
aForged specimen. 
bunbroken. 
--- .. --
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TABLE 11 .· CREEP TEST M TA FOR ROLlED ALUMJJru.l·BASE AlLOYS XBIES · 'I , IBs -'1' , 24s-'l' , 32S -'1' AND FOR 
FORGED AIJ..OY ){Blas-T 
I niti al Minimum Fi na l Total 
Tempera- deforma - creep creep defonna-
ture S t ress tion rate rate tion 
Alloy Specimen (or ) (psi) (percent ) (percent/hr ) (percen t/hr ) ( percent) 
XBles-'l' A6L 400 10 ,000 0 .069 0 .000160 0 .000160 0 .240 
A6M 400 15 ,000 . 406 .000900 .002200 1.440 
A3K 500 5 , 000 . 05~ .000360 .001250 . 636 
A3J 500 10 , 000 .138 • 022000 ( a ) ( a ) 
A8c 600 1,000 .017 ,000310 .000 310 . 365 
ABB 600 2 , 500 .017 .006100 (b) (b) 
24S-'1' GlE 400 10 , 000 . ll7 .000025 .000025 .148 
GIC 1;.00 15 , 000 .175 .000130 .000140 .304 
GlF 600 1,200 .013 .000040 c.000040 .035 
GlE 600 2 , 000 . 015 . 000080 C.00008o .07 6 
GI G 600 3,000 .0 30 .000120 .000120 .152 
32S -'1' LlE 400 10 ,000 .119 ,000300 .000470 .443 
LlC 400 8 ,000 .062 .000120 .000140 .195 
LlD 600 1,500 . 041 .000270 .000270 . 240 
LlF 600 2 , 500 .021 .002200 (d) (d) 
LlJl: 600 3,000 .047 .006000 (e) (e) 
I Bs -'1' JlN 600 1,000 .017 . 000090 .000090 . 076 
JlL 600 2,000 .024 .000330 .000330 .295 
fXBlas-'1' F4c 400 15 ,000 .1'(0 .000450 .000720 .506 
F3B 600 1,000 .015 .000350 .000350 .212 
8.Broke at 96.8 h r; 38 . 8-percent elongation; 61.2-percent reduction a rea . 
bsroke a t 257 . 8 hr; 84.7-percent elongation; 90 .9 -percent reduction a rea . 
Con t r acti on 
on release 
of load Dur ation 
(percent) (tr ) 
----- 478 
0 .120 697 
.064 501 
( a ) . ( a ) 
. 009 618 (b) (b ) 
.ll7 524 
.181 572 
.023 526 
.018 553 
.023 528 
.122 722 
.077 528 
.019 497 
(d) ( d ) 
( e ) ( e ) 
----- 498 
.021 500 
.180 502 
.009 503 
cAve rage creep rat e between 100 and 500 hr. The r ate varied somewha t during test ( a lternately 
higher and l ower). 
dBroke a t 552 hr; 48 . 5 -percent elongati on; 81.3-percent reduc t i on area . 
Elnroke a t 244 hr; 38 .9-percent elonga tion; 7 8 .O-percent reduction area . 
fForged. All otJler specimens from r olled alloy . These specimens were rim a t the same temperatures 
and stresees as rolled XB1Bs -'1' specilnens AEt-l and A8c, so that a direct comparison of the result s 
of rolled and forged fabr ications could be made . 
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TABLE 12. - GRAIN SIZES OF XB1CS -'I' J 32S-T, 24S -'I', AND 1CS-T 
USED IN THE INVESTIGATION 
So1utior. Average 
treatment grain 
Time Tempera ture diameter Range of grain size 
Alloy Fabrication (hr) (0F) (in.) ( in.) 
(1) 
XB1if>-'I' Hot-roiled 1 960 0.0006 Fairly uniform 
XBl83-T Forged , 1 960 .0020 0.00165 to 0.00236 
XBl83-T Hot-roiled 10 960 .0013 Fairly uniform 
32S-T Hot-rolled 1 960 .0011 0.00079 to 0.00118 
24S..JI' Hot-rolled 1 920 .0027 0.00158 to 0.00315 
. Some very large grains 
1es-T Hot-roiled 1 960 .0013 0.00099 to 0.00197 
1Average of 25 to 40 measurements. 
--- ---- --~-- -- ---~ 
NBS 
sample Alloy 
number 
1776 bl&3-T 
1776A c183-T 
1776B d1&3-T 
1777 bXBl&3-T 
177l'A cJCBl&3-T 
1778 ~4S-T 
11'1'BA c24S-T 
1778B ~4s-T 
1779 b32S-T 
1779A c32S-T 
1779B d32S-T 
TABLE 13· - COEFFICll:Nl'S OF EXPANSION AND CONl'RACTION OF ROlLED ALUMINUM ALLOYS 
[unpublishe'd data from the National Bureau of StandardS] 
. 
Average coefficients of Av'erage coefficients of 
expansion per degree contraction per degree 
Fahrenhei t Fahrenheit 
68° to 68° to 68° to ° 
. 
&JOo to &>00 to 400° to 68 oto 200° to 
200° F 400° F &>o°F &Jo F 68°F 68° F 68° F 68° F 
12.8 x 10- 6 13.1 x. 10-6 ~4.1 x 10- 6 14.4 X 10-6 14.0 x 10- 6 ----------- 13.0 x 10-6 12.4 x 10- 6 
12·5 12·9 13·4 13·9 14.1 ----------- 13·0 12·3 
12.l' 13·1 13·l' 14.2 14.1 ----------- 13·0 12·3 
12.8 13·0 13·l' 14.6 14.0 ----------- 13·1_ 12·5 
12,5 13·1 13·6 ----------- ----------- 13.6 x 10-6 ----------- 12.4 
12.8 13·0 13·3 14.0 14.l' ---------- .. 13·1 12.4 
, 
12·7 13·1 13·7 14.6 14.6 ----------- 13. 2 12.6 
12.q 13·2 13·6 14·3 14.4 ------- ... _-- 13·3 12.6 
11.1 11·7 12· 5 13·0 12.1 ----------- 11.0 10 ·3 
10·9 11·3 11.6 12.2 12;0 11.4 ... ---------- -----------
10.8 11.4 11.l' 12.2 11·9 ----------- 10,9 10 ·3 
aDetermined at 20° C from the expansion curve ,on heating and the contraction curve on COOling. 
Change in length 
after heating 
and cooling 
(percent ) 
(a) 
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.02 
----
Positive values indicate an increase in length; negative values, a decrease in length. ~ 
br-tem:per. 
<:.r-tem:per and aged at l'000 F for 100 hr. 
d.r-tem:per and aged at &J00 F for 500 hr. 
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Figure 1.- Tension and direct-stress fatigue properties of XB18S -T, at elevated temperatures, 
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Figure 2.- Tension and direct-stress fatigue properties of 32S-T, at elevated temperatures, on 
comparable time scales. (Tensile data from reference 4.) 
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